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ABSTRACT 

We present the systematic analysis of the UVOT and XRT light curves for a sample of 
26 Swift Gamma- Ray Bursts (GRBs). By comparing the optical/UV and X-ray light 
curves, we found that they are remarkably different during the first 500s after the BAT 
trigger, while they become more similar during the middle phase of the afterglow, i.e. 
between 2000s and 20000s. 

If we take literally the average properties of the sample, we find that the mean 
temporal indices observed in the optical/UV and X-rays after 500s are consistent with 
a forward-shock scenario, under the assumptions that electrons are in the slow cool- 
ing regime, the external medium is of constant density and the synchrotron cooling 
frequency is situated between the optical/UV and X-ray observing bands. While this 
scenario describes well the averaged observed properties, some individual GRB after- 
glows require different or additional assumptions, such as the presence of late energy 
injection. 

We show that a chromatic break (a break in the X-ray light curve that is not seen 
in the optical) is present in the afterglows of 3 GRBs and demonstrate evidence for 
chromatic breaks in a further 4 GRBs. The average properties of these breaks cannot 
be explained in terms of the passage of the synchrotron cooling frequency through the 
observed bands, nor a simple change in the external density. It is difficult to reconcile 
chromatic breaks in terms of a single component outflow and instead, more complex 
jet structure or additional emission components are required. 
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1 INTRODUCTION 

Gamma-ray bursts (GRBs) are intense flashes of gamma- 
rays that can last from as little as a few milliseconds up 
to a few thousand seconds after the trigger. The duration 
and spectral hardness distributions are found to be bimodal, 
leading to a division of GRBs into two classes: short-hard 
GRB s (< 2s) and long-soft GRBs (> 2s) (|Kouveliotou et all 
1993). The prompt gamma-ray emission is expected to be 
followed by an afterglow. The afterglow is most commonly 
seen in the X-rays, but is also observed in the optical/UV 
and, less commonly, down to radio wavelengths. The du- 
ration of the afterglow in the X-ray and optical/UV band 
varies considerably from GRB to GRB, and it has been ob- 



served to last for as little as a few hours up to a few months 
after the trigger. In the radio, the afterglow emission may 
be detected up to several years after the prompt gamma- 
ray emission. The afterglow from a short GRB tends to be 
fainter and short-lived in comparison with the long GRBs. 
For th is reason, only long-GRBs fall into the lOates et al.l 
J2009I) selec t ion c riteria. This paper is the successor to 
lOates et all (|20Qgh and therefore uses the same sample of 
26 GRBs. 

Due to the unpredictability and rapid fading of these 
cosmic explosions, crucial clues onto their nature, their 
possible progenitors and their environments could only 
be obtained through deep and continuous observations of 
the afterglow. A rapid response satellite, Swift, which was 
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launched in November 2004, was specifically designed to ob- 
serve these events. Swift houses three instruments designed 
to capture the gamma-ray, X-ra y and optical /UV em ission. 
The Burst Alert Telescope (BAT; lBarthelmv et al.ll2005h de- 
tects t he prompt gamma-ray emission. The X-ray Telescope 
(XRT; iBurrows et"afl 120051) and the Ultra-violet /Optical 



Telescope (WOT; iRoming et alj l2005h observe the after- 
glow. The energy ranges of the BAT and the XRT instru- 
ments are 15 keV - 350 keV and 0.2 keV - 10 keV, respec- 
tively, and the wavelength range of the UVOT is 1600A- 
8000A. The co-alignment of the XRT and UVOT instru- 
ments is ideal for observing GRB afterglows because obser- 
vations of the X-ray and optical/UV afterglow are performed 
simultaneously. 



One of the early results that emerged from the first 
27 X-ray afterglows collected by Swift is the existence of a 
"canonical" X-ray light curve, w hich typically comprises of 
4 segments (|Nousek et alj|2006f ). Here and throughout the 
paper we will use the flux convention F oc t a v 13 with a 
and 8 being the temporal and spectral indices respectively. 
With this notation, the canonical X-ray light curve can be 
described as an initial steep decay segment (—5 < ax < —3) 
transitioning to a shallow decay phase ( — 1.0 < ax < 0.0; 
iLiang et al.ll2007T ). then followed by a slightly steeper decay 
( — 1.5 < ax < —1-0), which finally breaks again at later 
times. The la st segment is usua lly identified as a post jet- 
break decay (|Zhang et al J 120061 ) . However, the application 
of this mode l to a ll GRBs has recently been questioned by 
lEvans et all (120091 ) with a l arger sample of 327 GRBs, 162 
of which are considered by lEvans et al.l (|2009h to be well- 
sampled. This paper found that the "canonical" behaviour 
accounts for only ~ 42% of XRT afterglows. 



A statistical study of the UVOT light curves has re- 
cently shown that, although there are some similarities be- 
tween the optical/UV and X-ray bands, in general the op- 
tical/UV a fterglow does not behave in the same way as the 
X-ray one (|Oates et alj|2009h . In particular, the optical/UV 
light curves can either decay from the beginning of the ob- 
servations or exhibit an initial rise and then a decay phase. 
In both cases, the decay segment is usually well fitted by a 
power-law, although a small number of GRBs require a bro- 
ken or a doubly broken power-law. Moreover, by systemati- 
cally comparing the optical/UV ligh t curves with the XRT 
canonical model, lOates et al.l (|2009h found that among the 
four segments of the XRT canonical model the shallow de- 
cay segment has the most similar range of temporal indices 
to the optical/UV light curves. The temporal indices of the 
other segments of the XRT canonical light curve are steeper 
than the temporal indices of the optical/UV light curves. 



2 DATA REDUCTION AND ANALYSIS 

The 0.3 keV - 10 keV X-ray light curves were obtained from 
the GRB light curve repositor y at t he UK Swift Science 
Data Center (|Evans et al.ll2007l . l2009h . In order to directly 
compare the behaviour of the UVOT and XRT light curves, 
we required the bins in the XRT light curve to be small, 
allowing us to rebin the light curve so that the X-ray bins 
have the same start and end times as the corresponding 
bins in the UVOT light curve. In order to be able to use 
Gaussian statistics for error propagation (when performing 
background subtraction and corrections due to pile-up and 
removal of bad columns), the minimum binning provided 
by the XRT repository is 15 counts per bin. We set the 
binning to be a minimum of 15 counts per bin for both the 
windowed timing and photon counting modes and switched 
the dynamic binning option off. For some of the repository 
light curves the last data point has a detection of < 3<r. 
These points are provided by the repository as an upper 
limit and are excluded from further analysis. 

The optical/ UV light curves were taken from 
lOates et al.l (|2009h (see Section 3.1 of that paper for a de- 
tailed description of the construction of the UVOT light 
curves). These light curves are normalized to the v filter 
and grouped with a binsize of At/t — 0.2. The X-ray data 
were then binned so that the X-ray bins had the same time 
ranges as the UVOT light curve bins. The binned X-ray and 
v-band count rate light curves for each GRB can be seen in 
the top pane of each pane l in Fig. [T] 

In lOates et~ai1 [2009), the start time of each UVOT 
light curve was taken to be the start time of the gamma- 
ray emission rather than the BAT trigger time. The start 
time of the gamma-ray emission we take to be the start 
time of the T90 parameter. This parameter corresponds to 
the time in which 90% of the counts in the 15 keV - 350 keV 
band arrive at the detector (|Sakamoto et al.l 120081 ) and is 
determined from the gamma-ray event data for each GRB, 
by the BAT processing script. The results of the process- 
ing are publicly available and are provided for each trigger 
at http://gcn.gsfc.nasa.gov/swift_gnd_ana.html Therefore, 



to have consistent start times, the XRT light curves were 
adjusted to have the same start times as the UVOT light 
curves. 

We then applied three different techniques to the opti- 
cal/UV and X-ray light curves to determine how their be- 
haviour compares over the course of Swift observations; these 
techniques are described in Sections 2.1 to 2.3. To avoid hav- 
ing hardness ratios with errors larger than ±1 and to avoid 
taking the logarithm of negative numbers when determining 
the root mean square deviation we only use the binned data 
points with a signal to noise ratio > 1 for these two meth- 
ods. When determining the temporal indices we used all the 
available data. 



In this paper, we present a statistical cross compari- 
son of the XRT an d UVOT ligh t curv es for a sample of 26 
GRBs presented in lOates etahl (|2009l ). Table CD lists these 
GRBs and their respective redshifts. The paper is organized 
as followed. In §[2] we describe the data reduction and anal- 
ysis. The main results are presented in § [3] Discussion and 
conclusions follow in § [4j [5] respectively. All uncertainties 
throughout this paper are quoted at la. 



2.1 Optical/UV to X-ray Hardness Ratio 

To determine how the count rates in the optical/UV and 
X-ray light curves vary with respect to each other, we calcu- 
lated the hardness ratio of the optical/UV and X-ray count 
rates. We define the hardness ratio HR to be 

HR = (C x - C*o)/(C x + Co) (1) 
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where Co is the v band count rate and Cx is the X-ray 
count rate. A hardness ratio equal to -1 indicates that the 
optical/UV flux is dominant, whereas a HR — 1 indicates 
that the X-ray flux is dominant. The X-ray and optical/UV 
light curves have comparable count rates which allows hard- 
ness ratios to be computed without significant portions of 
the hardness ratios being saturated. However, the hardness 
ratios can only provide information on the relative spectral 
change, which may be due to the passage of a synchrotron 
spectral frequency, differences in the emission mechanisms 
or differences in the emission geometry. The hardness ratios 
for each GRB can be seen in the middle pane of each panel 
in Fig. [0 



2.2 Root mean square deviation 

To determine how closely the data points in the optical/UV 
and X-ray light curves track each other during a given epoch, 
we determined the root mean square (RMS) of the difference 
between the logarithmic normalized optical/UV and X-ray 
light curves for multiple epochs such that: 

where N is the number of data points. For each GRB, the 
root mean square deviation was calculated using a time win- 
dow 1 dex (a factor of 10) wide shifted in steps of 0.15 in 
log time, starting from 10s until the end of the observations. 
The section of X-ray light curve within each window was 
normalized to the corresponding section of optical/UV light 
curve. This was done by adding a constant term to the loga- 
rithmic X-ray light curve that minimized the x 2 between the 
logarithmic optical/UV and logarithmic X-ray light curves. 
RMS deviation values close to zero indicate that the op- 
tical/UV and X-ray light curves behave the same, values 
larger than zero indicate that the light curves do not track 
each other precisely. 

The starting time of 10s and the movement of the win- 
dow by 0.15 in log time ensures we are performing the anal- 
ysis systematically and that we can directly compare values 
of the RMS deviation between two or more GRBs since the 
RMS deviations have been determined from data in the same 
time ranges. The size of the window implies that the value 
of the RMS deviation will only change when there is large 
scale temporal change in the light curve for instance flar- 
ing behaviour or changes in the temporal index of the X-ray 
and/or optical/UV light curves. There are RMS deviation 
values which were determined across periods when an ob- 
serving gap occurs, typically between 1000s-3000s, because 
the window over which we determine the RMS deviation is 
larger than the observing gap. 

The errors were determined using: 



RMS err0 r = \j ^L+fO ( 3 ) 

Since converting the count rate into logarithmic count rate 
causes the error bars to be asymmetric ex is taken to be 
the average positive and negative errors of log Cx and eo is 
taken as the average positive and negative error of log Co- 
The RMS deviation and error is shown in the bottom pane 
of each panel in Fig. [T] 



The RMS deviation was also determined for each GRB 
at 4 different specific epochs (a) to (d), which are < 500s, 
500s-2000s, 2000s-20000s and > 20000s, respectively and are 
marked on Fig. [T] Histograms of the RMS deviation for 
epochs (a) to (d) can be seen in Fig. [2] The first epoch 
was selected to end at 500s because by this time the opti- 
cal/UV afterglows have finished rising and the optical/UV 
light curves have been observed for at least 100s l|Oates et al.l 
2009). Furthermore, this epoch finishes after the first X-ray 
break in the X-r ay light curve, wh ich occurs typically be- 
tween 200s-400s jEvans et al.ll2009h . The second epoch was 
selected to end at 2000s because there is an observing gap 
between ~ 1000s and ~ 3000s. The third epoch starting from 
2000s was chosen to be one dex wide and so ends at 20000s. 
From 20000s onwards, the signal to noise of the data beings 
to worsen, particularly in the optical, and observations end, 
with some GRB observations ending as soon as ~ 10 s. We 
therefore took the fourth segment to be from 20000s until 
the end of observations because a fifth segment would con- 
tain very few GRBs with few optical/UV and X-ray data 
points. 

To allow systematic comparisons of the distribution of 
RMS deviation with the temporal indices, these 4 epochs 
were also used when we measured the temporal indices of 
the light curves at multiple epochs. The determination of 
these values shall be described next. 



2.3 Temporal Indices 

To determine how the overall behaviour of the optical/UV 
and X-ray light curves compare over the duration of the ob- 
servations, we fit power-laws individually to the optical/UV 
and X-ray data that lie within several successive epochs and 
compared the resulting values. The power laws were fitted to 
the data within the time frames: < 500s, 500s-2000s, 2000s- 
20000s and > 20000s. The best fit values were determined 
using the IDL Levenberg-M arquardt least-squ ares fit routine 
supplied by C. Markwardt l|Markwardtll2009f ). To ensure the 
power-laws were constrained, the fits were only performed 
if there were at least 2 data points in both the optical/UV 
and X-ray light curves during the given epoch for which the 
signal to noise was > 1. 

Since we are systematically comparing the behaviour of 
the optical/UV and X-ray light curves, we do not exclude 
the flaring behaviour because it is difficult to do this sys- 
tematically. Instead we note that the temporal indices may 
be affected, particularly in the early afterglow, due to the 
presence of flares. Furthermore, as all data in each epoch 
are fit with a power-law, if a break or a flare is present in 
that epoch the fit will determine a temporal index which 
corresponds to the overall evolution of the light curve, but 
which does not necessarily correspond to a genuine period 
of power-law decay. The optical/UV and X-ray temporal in- 
dices for all four epochs are given in Table [1] A comparison 
of the optical/UV and X-ray temporal indices for the four 
time frames are shown in Fig. [3] We have also determined 
the mean and intrinsic dispersion of the optical/UV and 
X-ray temporal in dices for each epoch us ing the maximum 
likelihood method (|Maccacaro et ai1ll988T ). which assumes a 
Gaussian distribution. These values can be seen in Table [2] 
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Figure 1. The 26 GRB X-ray and optical/UV afterglows. The dotted lines divide the light curves in to the epochs (a) to (d), which are 
< 500s, 500s-2000s, 2000s-20000s and > 20000s, respectively. The top pane of each panel shows the X-ray and optical/UV (equivalent 
to u-band) light curves. The X-ray light curves (blue triangles) have been binned to have the same bin sizes as the optical/UV data (red 
circles). The middle pane of each panel shows the X-ray to optical/UV hardness ratio, given by Hardness Ratio=(Cx — Cq)/(Cq + Cx) 
where Co is the v band count rate and Cx is the X-ray count rate. The bottom pane of each panel shows the root mean square deviation 
of the logarithmic X-ray light curves relative to the logarithmic, normalized optical/UV light curves in a time window 1 dex wide. The 
window was shifted in steps of 0.15 in log time and the rms deviation was calculated for each window. 
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Figure 1. Continued. 



3 RESULTS 

The XRT and UVOT light curves are shown in Fig.Q] A pre- 
liminary examination shows that for the majority of GRBs, 
the optical/UV and X-ray light curves decay at similar rates 
overall. However, there are noticeable differences which tend 



to be observed at the beginning and tail ends of the light 
curves. For some GRBs (e.g. GRB 060708 and GRB 070318), 
during the early afterglow, the X-ray light curves decay more 
rapidly than the optical/UV and some of the optical/UV 
light curves rise. This behaviour tends to cease within a few 
hundred seconds, after which both the optical/UV and X- 
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Figure 1. Continued. 



ray light curves decay at a similar rate. For a number of 
GRBs (e.g GRB 050802 and GRB 060912), towards the end 
of observations the X-ray light curves appear to decay more 
quickly than the optical/UV light curves. Another notice- 
able feature is the presence of flares in the X-ray afterglows 
(e.g GRB 060526 and GRB 060607a), which are not often 



observed in the optical/UV light curves and rarely at the 
same time as those observed in the X-ray light curves. 

In the following 3 subsections, we describe the results 
of comparing the optical/UV and X-ray light curves using 
the three techniques outlined in Section 2. These three tech- 
niques provide information on the similarities between the 
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Figure 1. Continued. 



optical/UV and X-ray afterglows in slightly different ways. 
The hardness ratio provides information on how the indi- 
vidual data points behave relative to each other and is a 
good indicator of temporal changes such as breaks in either 
band, flaring and rising behaviours. The RMS deviation is a 
good indicator of how well the optical/UV and X-ray light 



curves track each other and the temporal indices determined 
at the four epochs provide information on the average decay 
rates of the X-ray and optical/UV light curves during the 
4 epochs (a) to (d) as defined in Section [2] Combining the 
information from these three techniques enables a compre- 
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Figure 1. Continued. 
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-1.10±0.05 


-1.32±0.03 


060206 


4.047953 


-1 


89 


- 2.18 




-1.15±0.17 


-1.18±0.09 


1.14±2.36 




-0.95±0.10 


-1.36±0.04 


060223a 


4.41 h 


-0 


77 


±0.68 


-0.40±0.59 






-0.14±0.26 


4.76±0.01 






060418 


1.4901^ 





01 


±0.03 


-1.39±0.10 


-1.34±0.09 




-3.21±0.03 


-0.94±0.19 


-2.29±0.22 




060512 


0.4428^ 


-0 


74 


±0.08 




-0.82±0.11 


-1.53±0.34 


-1.45±0.11 




-1.21±0.17 


-1.02±0.23 


060526 


3.221 fc 


-0 


31 


±0.08 


-0.20±0.13 


-0.66±0.75 




1.41 ±0.04 


-3.35± 0.16 


0.52 - 0.71 




060605 


3.8 1 





24 


±0.13 




-0.86±0.15 




-1.42±0.24 




-1.37±0.09 




060607a 


3.082™ 1 





38 


±0.02 


-1.31±0.06 


-1.18±0.18 




-0.87±0.02 


-0.60±0.07 


-1.59±0.07 




060708 


1.92* 


-0 


02 


±0.11 




-0.75±0.06 


-0.98±0.09 


-3.78±0.10 




-0.80±0.07 


-1.28±0.06 


060804 




-0 


72 


±0.16 


1.70±2.57 


-0.26±0.24 


-0.33±0.15 


0.39 ±0.25 


-3.77±1.34 


-1.50±0.19 


-0.86±0.21 


060908 


2. 43 n 


-1 


19 


±0.05 


-1.16±0.17 


-2.18±0.96 


-0.53±0.37 


-0.63±0.11 


-1.07±0.28 


1.26 - 1.19 


-1.12±0.19 


060912 


0.937° 


-0 


98 


±0.09 


-1.01±0.18 


-0.59±0.28 


-0.75±0.18 


-0.74±0.23 


-1.10±0.18 


-1.27±0.18 


-1.03±0.19 


061007 


1.262° 


-1 


69 


±0.11 


-1.70±0.02 


-1.48±0.03 




-1.83±0.10 


-1.55±0.02 


-1.75±0.05 




061021 


0.77* 


-0 


93 


±0.06 




-0.58±0.05 


-1.24±0.03 


-1.83±0.05 




-0.99±0.05 


-1.13±0.01 


061121 


1.314° 


-0 


12 


±0.05 


-0.80±0.12 


-0.48±0.09 


-0.32±0.08 


-3.90±0.04 


-0.40±0.05 


-0.99±0.05 


-1.56±0.03 


070318 


0.836 r 





42 


±0.03 


-0.96±0.03 


-1.26±0.08 


-0.78±0.03 


-0.23±0.03 


-1.31±0.11 


-0.92±0.10 


-1.08±0.04 


070420 


3.01* 





72 


±0.14 


-1.94±0.18 


-1.25±1.35 




-4.38±0.12 


-0.23±0.10 


-1.24±0.09 




070529 


2.4996 s 


-1 


67 


±0.14 


0.07±0.57 


-0.22±1.79 


-0.62±0.30 


-1.54±0.23 


-1.02±0.32 


-0.82±0.60 


-0.96±0.20 



Table 1. Spectroscopic redshifts were large ly taken from the literature. For four GRBs, photometric redshifts, indicated by an *, were 
determined using the XRT-UVOT SEDs fsee lOates et alj2003t for details). The table also displays the temporal indices for the o ptical/ UV 
and X-ray l i ght c urv es for the four epo ch s: < 500s, 500s-2000 s, 2000s-20000s and > 200 00 s References: a) Jjakobsson et al.l I2OO60!) bl 
iFolev et ail ||2005|1 cllChen et al] feOOot) dllFvnbo et al.1 J2005I1 el I J akobsson et alj ll2006cl) f llQuimbv et al.1 feOOoD gllFvnbo et al.1 ||2006| 1 
hi IBerger et all J200rj ) il iProchaska et all ll2006h il iBIoom et al.l l|2006ll kl Ijakobsson et al.l j2006d") 1) iPeterson fc Schmidj J2006f) ml 
iLedoux et al.l d2006T) n)|Rol et alj l|2006h ol I Jakobsson et alj l|2006al l p) I Jakobsson et al.1 l|2006bh al lBloom et alj l|2006h rl ljaunsen et al.1 
ll2007l l si IBerger et al.l ^2007^1 . 



hensive picture to be produced of the X-ray and optical/UV 
light curves using a systematic and statistical approach. 

3.1 X-ray to Optical/UV Hardness Ratio 

The optical/UV to X-ray hardness ratios are shown in the 
middle panes of Fig. [1] These hardness ratios indicate rel- 
ative spectral changes between the optical/UV and X-ray 
light curves, which could be due to the passage of a syn- 
chrotron frequency through an observed band, differences in 
the geometries of the emitting regions, or due to additional 
or different emission mechanisms. 

For the GRBs in this sample, the hardness ratios ex- 
hibit the most rapid variability during the first 1000s, after 



which any changes tend to be more gradual. This corre- 
sponds to some of the optical/UV light curves rising, some 
of the X-ray light curves decaying steeply and X-ray flares 
(e.g GRB 060418 and GRB 060526), which all typically 
occur within the first 1000s. If none of these behaviours 
are observed within the first 1000s, then the hardness ra- 
tio is observed to be fairly constant (e.g GRB 050922c and 
GRB 061007). Periods of constant behaviour are an impor- 
tant indication that the X-ray and optical/UV light curves 
behave the same and that the production of emission during 
this period is intrinsically connected. After the first 1000s, 
the hardness ratios vary more slowly and either are constant, 
or slowly decrease. For some of the afterglows that have a 
constant hardness ratio, after a period, typically between 
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(a) Before 500s 



0.2 
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(b) 500s-2000s 



0.2 



0.4 0.6 O.f 
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(c) 2000s-20000s 



0.2 



0.4 0.6 

RMS deviation 




0.4 0.6 
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Figure 2. Distribution of RMS deviation values determined from 
the normalized optical/UV and X-ray logarithmic light curves 
during 4 epochs: < 500s, 500s-2000s, 2000s-20000s and > 20000s. 
The error bar in the top right corner represents the average error 
of the RMS deviation in that particular epoch. In panel (d), the 
histogram shows the distribution of RMS values determined from 
the normalized optical/UV and X-ray logarithmic light curves, 
while the grey line shows the normalized distribution of the RMS 
deviation values from panel (c) convolved with the mean error 
from panel (d), see Section 13.21 for details. 



~ 2000s and ~ 10 5 s, the hardness ratio begins to slowly de- 
crease (e.g GRB 050525 and GRB 050802). As we do not 
see the optical/UV light curves change to shallower decays 
around the same time as the X-ray to optical/UV hardness 
ratios decrease, this implies that the X-ray light curves de- 
cay more steeply than the optical/UV light curves during 
this period of hardness ratio decrease. From the hardness 
ratios alone the reason for the change in X-ray temporal 
index cannot be determined. 



3.2 Root Mean Square Deviation 

The RMS deviation of the optical/UV and X-ray light curves 
can be seen for each GRB in the bottom pane of each panel 
of Fig. [1] For most GRBs, there seems to be at least some 
period where the RMS deviation is consistent with zero, in- 
dicating similar behaviour in the X-ray and optical/UV light 
curves for that period. For a few GRBs (e.g GRB 050922c 
and GRB 061007) the RMS deviation is consistent within 
errors with zero for almost their entire duration indicating 
that the X-ray and optical/UV track each other very well. 
Roughly half the GRBs have RMS deviations, for at least 
half a dex, that are consistent within errors with having con- 
stant RMS deviation, but at a value greater than zero, sug- 
gesting that the X-ray and optical/UV light curves behave 
consistently different (e.g GRB 060607a and GRB 060804). 
If the light curves behave consistently different this could 
indicate that the X-ray and optical/UV bands lie either side 
of a spectral frequency (see Section [4}. 

A notable period of RMS deviation is before ~ 1000s, 
where for a number of GRBs the RMS deviation is highly 
inconsistent with zero and varies rapidly (e.g GRB 060418 
and GRB 061121). This early period is where strong dif- 
ferences are observed in the behaviour of the optical/UV 
and X-ray light curves, which is reflected in their RMS de- 
viations. Other inconsistencies of the RMS deviation from 
zero occur at around the same time as apparent changes in 
the temporal index in either the X-ray or optical/UV light 
curves. For instance GRB 050730 and GRB 050802 both 
have significant RMS deviations at ~ 3 x 10 4 s, around the 
time that the X-ray light curve changes decay rate. 

Four histograms were produced using the RMS devia- 
tion values determined for each GRB in the time intervals 

< 500s, 500s-2000s, 2000s-20000s and > 20000s. The num- 
ber of GRBs in each distribution are 26, 19, 24 and 21, for 
the four epochs respectively. These histograms are shown in 
Fig. [2] and the mean and standard deviation of the RMS de- 
viation distributions are given in Table [5] The histogram for 

< 500s is shown in panel (a) . This panel has the widest RMS 
deviation distribution of all the four panels. The majority of 
GRBs lie within 0.30, but a few produce a tail stretching to 
0.90. The distribution narrows by the second panel, which 
shows the RMS deviation values determined from the epoch 
500s-2000s, and the GRBs typically have lower RMS devia- 
tion values. This is also reflected in the lower values for the 
mean and standard deviation in Table [2] By 2000s-20000s, 
shown in panel (c), the distribution is at its narrowest and 
the individual RMS deviation values are the lowest of all the 
four epochs, which is also indicated in Table [2] by the lowest 
mean and smallest standard deviation. In panel (d), showing 
the distribution from > 20000s, the range in RMS deviation 
values widens. However, the errors on the RMS deviation 
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values are also significantly larger at > 20000s, suggesting 
that the widening of the distribution could be due to the 
larger uncertainties on the data points at this time. To check 
this we performed a monte carlo simulation of the distribu- 
tion of the RMS deviation values in panel (c) convolved with 
the mean error of panel (d). To achieve this, for each light 
curve contributing to panel (d) we perturbed the values of 
log Co — log Cx in the 2000s-20000s epoch by random dis- 
placements drawn from a Gaussian distribution with sigma 
equal to the mean RMS error of panel (d), and computed 
the resulting RMS. This process was repeated 1 x 10 5 times 
for each lightcurve to produce the simulated distribution. 
The normalized, simulated distribution is shown for compar- 
ison with the real distribution in panel (d). A Kolmogorov 
Smirnov test comparing the real and simulated distributions 
shown in panel (d) returns a null-hypothesis probability of 
28 per cent, implying that the distribution in panel (d) could 
intrinsically be the same distribution as in panel (c), but 
wider due to the larger uncertainty at later times. 

3.3 Comparison of the X-ray and Optical/UV 
Temporal Indices 

The optical/UV and X-ray temporal indices determined for 
the epochs: < 500s, 500s-2000s, 2000s-20000s, and > 20000s 
are shown in panels (a) to (d) of Fig. [3] The individual pan- 
els contain 26, 20, 24 and 17 GRBs, respectively. In each 
panel of Fig. UJ the red solid line indicates where the opti- 
cal/UV and X-ray temporal indices, «o and ax respectively, 
are equal. Points lying above the line decay more quickly in 
the X-ray than in the optical/UV and the points below the 
line decay more quickly in the optical/UV than in the X- 
ray. The green dashed lines indicate where ao = ax ± 0.25 
and the blue dotted lines represent ao = ax ± 0.50, where 
Aq = 0.25 is expected if the synchrotron cooling fre- 
quency v c , lies between the X-ray and optical/UV bands and 
Aa = 0.50 is the maximum difference expected if v c lies be- 
tween the X-ray and optical/UV bands and the afterglow is 
experiencing energy injection. In panels (a) and (b) of Fig. 
31 we show the X-ray and optical/UV means and intrinsic 
dispersions respectively, for each of the four epochs. An ini- 
tial examination of Figs. and U shows that the individual 
X-ray temporal indices change more than the optical/UV 
temporal indices over the four epochs. This indicates that 
the change from the scattered distribution of GRBs in the 
first panel of Fig. [3J to the clustering of the GRBs in the 
third and fourth panels of Fig. [3] is predominantly due to 
the change in the X-ray temporal indices. 

For the first two epochs, shown in panels (a) and (b) 
of Fig. [3] the GRBs are not tightly clustered and appear to 
have a wide range of X-ray temporal indices, which is also 
seen in panel (b) of Fig. [4] as the large intrinsic dispersion 
in ax for the two epochs before 2000s. In panels (a) and (b) 
of Fig. [3J there are approximately equal numbers of GRBs 
above and below the line of equal temporal index, implying 
that the optical/UV light curves for some GRBs decay faster 
than the X-ray light curves, while for other GRBs the X-ray 
light curves decay faster than the optical/UV light curves. A 
large fraction of GRBs in these two epochs have a difference 
of Aa > 0.5 between the X-ray and optical/UV temporal 
indices implying large differences in the decay of the two 
bands and indicating that the difference is probably not due 




'X,>20000s 



Figure 3. X-ray and optical/UV temporal indices determined 
from the light curves during four epochs: < 500s, 500s-2000s, 
2000s-20000s and > 20000s. The red solid line indicates where 
the optical/UV and X-ray temporal indices are equal. The green 
dashed lines indicate where ao = ax i 0.25 and the blue dotted 
lines represent ao = ax ± 0.50. 
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Temporal Index RMS Deviation 

— Optical/UV X-ray — 



Time 


Mean 


Dispersion 


Mean 


Dispersion 


Mean 


Standard Deviation 


< 500s 
500s-2000s 
2000s-20000s 
> 20000s 


-o.5i±8:S 

-0.98+jj;j| 
-0.88_ ; 08 
-0.84 ±0.11 


67+ 19 
u - D '-0.06 

42+ 16 

o sn+ 010 

S1+ 011 
u - aJ --0.06 


, 47 +0.43 

-0 Q7+ - 45 

± - io -0.12 
, „ o +0.13 
J - oz -0.11 


1 6fi+ 038 
1 60+ 042 
S9+ 011 
SQ+011 


0.29 
0.16 
0.12 
0.27 


0.25 
0.14 
0.05 
0.17 



Table 2. For the four epochs, this table provides the mean and intrinsic dispersion of the temporal indices of the X-ray and optical/UV 
light curves, and the mean and standard deviation of the RMS deviations. 



to the cooling frequency being positioned between the two 
bands. For the first epoch, shown in panel (a) there are 4 
GRBs with rising X-ray light curves, indicated by a best fit 
temporal index of ax,<500s > 0, and 7 GRBs with rising op- 
tical/UV light curves indicated by a best fit temporal index 

Of CVO,<500s > 0. 

For the last two epochs, given in panels (c) and (d) 
of Fig. [3] the majority of the light curves are quite tightly 
clustered, implying that most of the GRB afterglows behave 
similarly at late times. The narrow range in temporal indices 
can also be observed in Fig. [4j by the small values of intrin- 
sic dispersion of both the optical/UV and X-ray temporal 
indices. In both epochs, only a small number of GRBs have 
differences between optical/UV and X-ray temporal indices 
of Aa > 0.5. More importantly, the majority of the GRBs 
in the last two epochs lie above the line of equal tempo- 
ral index, implying that the optical/UV light curves decay 
more slowly than the X-ray light curves. One possible cause 
of a shallow decay in the optical/UV light curves would be a 
strong contribution from the host galaxy. If the host galaxy 
contribution was significant then at the tail end of the opti- 
cal/UV light curve a constant count rate would be observed. 
However, for the majority of GRBs in this sample we do not 
observe a flattening at late times, implying that the opti- 
cal/UV contribution from the host galaxy has a negligible 
effect on the light curve, and is not the reason why the opti- 
cal/UV light curves decay on average less steeply compared 
with the X-ray light curves. The trend that the optical/UV 
light curves decay more slowly than the X-ray light curves is 
also indicated in Fig. [4] with the mean temporal indices for 
the epochs 2000s-20000s and > 20000s sitting above the line 
of equal temporal index. In fact even for the first two epochs, 
the mean values lie above or are consistent with lying above 
the line of equal temporal index, suggesting that X-ray light 
curves decay faster on average than optical/UV light curves 
throughout the entire observing period. Furthermore, for the 
epoch > 20000s, shown in panel (d) of Fig. [3] the GRBs are 
clustered slightly to the left of those of the previous epoch 
2000s-20000s, shown in panel (c). This can also be seen in 
Fig. [4] with the X-ray mean for the > 20000s at a slightly 
lower value than the 2000s-20000s mean. This suggests that 
at least for some GRBs, there is a change in the X-ray tem- 
poral index to steeper values. This was also suggested in 
Section 3.1 from investigating the hardness ratios. 

It is not possible, when investigating panels (c) and (d) 
of Fig. [3] individually, to determine how many light curves 
display a change in X-ray or optical/UV temporal index. 
Therefore, we have determined in Table[3]for the 17 GRBs in 
panel (d), the difference between the X-ray and optical/UV 



temporal indices determined at both the 2000s-20000s and 
> 20000s epochs. The table is coded by three symbols which 
divides the GRBs by temporal behaviour: both the X-ray 
and optical/UV temporal indices become more negative (tri- 
angles); the X-ray temporal index become more negative, 
but the optical/UV temporal index becomes more positive 
(squares) ; and the X-ray temporal index becomes more posi- 
tive, but the optical/UV temporal index becomes more neg- 
ative (circles). The first thing to note is that there are no 
GRBs whose X-ray and optical/UV light curves both be- 
come shallower in the > 20000s epoch. 

The most common behaviour, which occurs for 9 of 
the 17 GRBs, is that both the best fit X-ray and opti- 
cal/UV temporal indices become more negative i.e both light 
curves become steeper. For the rest of the GRBs, 4 become 
steeper in the optical/UV, but shallower in the X-ray and 
4 become steeper in the X-ray, while becoming shallower in 
the optical/UV. Examining the significance of the changes 
to these 17 GRBs we find that 7 GRBs, GRB 050319, 
GRB 050730, GRB 051109a, GRB 060206, GRB 060804 
GRB 060908 and GRB 061121 are consistent with no change 
in the optical/UV temporal index, while the X-ray is in- 
consistent at ^ 2a, indicating a break. The hardness ratios 
of these GRBs provides evidence that the breaks are chro- 
matic because the hardness ratios soften for these GRBs 
during the last two epochs (see also Section 3.1). GRBs, 
GRB 050525, GRB 060512, and GRB 070318 have X-ray 
temporal indices that are consistent with no change, while 
the optical/UV temporal index between the two epochs is 
not consistent with being the same at ^ 2a, which sug- 
gests a chromatic break. However, the hardness ratio of 
GRB 050525 does not show an obvious hardening, which 
would be expected if a break was observed in the optical 
and not the X-ray, but it does soften in the 2000s-20000s 
epoch and becomes constant during the > 20000s epoch. 
The hardness ratios for GRB 060512 and GRB 070318 ap- 
pear to be constant during the last two epochs, implying that 
there is not a break in the optical/UV. GRBs, GRB 050712, 
GRB 050922c, GRB 060912 and GRB 070529 are consistent 
with no change in either the X-ray or the optical/UV and 
the remaining 3 GRBs have optical/UV and X-ray temporal 
indices that are different between the two epochs at > 2cr, 
suggesting a change in temporal index in both light curves. 

The other interesting behaviour, shown in Fig. [S] is that 
a small number of GRBs appear to cross the line of equal 
temporal index, but this is only significant for two GRBs, 
GRB 070318, GRB 061021. These GRBs have one data point 
more than 2cr above the line and the other data point more 
than 2a below the line of equal temporal index, which can 
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Figure 4. Panels (a) and (b) show the mean and intrinsic disper- 
sion, respectively, of the X-ray and optical/UV temporal indices 
at 4 epochs. The red solid line in panel (a), represents the line of 
equal temporal index. The red solid line in panel (b), represents 
the line of equal intrinsic dispersion. 



be seen in the inset panel of Fig. [5] For all other GRBs, 
at least one of their data points are consistent within 2<r 
with lying on either side of the line of equal temporal index 
index. GRB 061021 is consistent with crossing from above 
to below the line of equal temporal index, indicating that 
a change from the optical/UV light curve having a shal- 
lower decay than the X-ray to the X-ray light curve having a 
shallower decay than the optical/UV. This is also observed 
in the hardness ratio for this GRB, which softens during 
the 2000s-20000s epoch, indicating that the X-ray decays 
more steeply than the optical/UV, but hardens during the 
> 20000s epoch indicating that the optical/UV light curve 
decays more rapidly than the X-ray. As for the other GRB, 
GRB 070318, this GRB is consistent with crossing from be- 
low to above the line of equal temporal index, indicating a 
change from the X-ray light curve having a shallower de- 
cay than the optical/UV to the optical/UV light curve hav- 
ing a shallower decay than the X-ray. A subtle softening of 
the hardness ratio for GRB 070318, implies that the X-ray 
lightcurve in the > 20000s epoch decays more quickly than 
the optical/UV. 

From Table [3] and Fig. [5] we can draw three significant 
conclusions: 7 of the 17 (~ 41%) afterglows have a break, 
which is observed only in the X-ray light curve between 
2000s and the end of observations; there are no afterglows 
that become shallower in the optical/UV and in the X-ray; 
2 GRBs traverse the line of equal temporal index, one from 
above to below the line of equal temporal index and the 
other from below to above the line of equal temporal index. 
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Figure 5. This figure plots the X-ray and optical/UV temporal 
indices determined from the epochs 2000s-20000s and > 20000s 
for 8 GRBs, which appear to cross the line of equal temporal in- 
dex. Each GRB has a pair of data points linked together which 
show the temporal indices in the 2000s-20000s and > 20000s 
epochs. The symbols, which correspond to those in Table[3] show 
how the temporal index changes between the two epochs. Pairs 
of black triangles are those GRBs for which the X-ray and op- 
tical/UV temporal indices become more negative between the 
epochs 2000s-20000s and > 20000s (i.e they move down and to 
the right). Pairs of purple circles are those GRBs in which the 
X-ray temporal index becomes less negative and the optical/UV 
temporal index becomes more negative (i.e they move down and 
to the left) and the pairs of pink squares are GRBs for which 
the X-ray temporal index becomes more negative and the opti- 
cal/UV temporal index becomes less negative (i.e they move up 
and to the right). The red solid line indicates where the opti- 
cal/UV and X-ray temporal indices are equal, the green dashed 
line indicates where arj = ax ± 0.25 and the blue dotted lines 
represents cep = ax i 0.50. The inserted panel shows the two 
GRBs, GRB 070318 and GRB 061021, which are consistent with 
having one data point more than 2cr above the line of equal tem- 
poral index and the other data point more than la below the line 
of equal temporal index. 



4 DISCUSSION 

All three analysis methods indicate that the X-ray and op- 
tical/UV light curves behave most differently before 500s. 
The RMS deviation distribution and the mean temporal in- 
dices together indicate that the optical/UV and X-ray light 
curves behave most similarly during the 2000s-20000s epoch. 
For all four epochs we find that the optical/UV light curves 
decay more slowly on average than the X-ray. We also find 
through investigation of the temporal indices and the hard- 
ness ratios that chromatic breaks are observed in some of 
the GRB afterglows, with the breaks observed in the X-ray 
light curves. 

In the following sections we shall examine two models, 
a single component jet and a jet with additional emission re- 
gions such as a two component jet, or late 'prompt' emission, 
to determine whether either of these models can explain the 
observations. 
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• 
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-0.07 ±0.29 
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• 
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■ 


-0.56 ±0.06 


0.17 ±0.12 
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■ 


-0.16 ±0.11 


0.48 ± 0.08 
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-0.14 ±0.63 


-0.40 ±1.82 



Table 3. Differences in temporal index from the 2000s-20000s and 
20000s onwards epochs. Symbols correspond to those in Figure [5] 
A both the X-ray and optical become steeper, ■ X-ray becomes 
steeper while the optical becomes shallower, • X-ray becomes 
shallower while the optical becomes steeper. 



4.1 Single Component Outflow 

The temporal indices expected from a synchrotron dom- 
inated outflow a re determined by a set of equations 
dSari et all 1 19981: iMeszaros et all Il998l: ISari et all 1 19991: 
Chevalier fc Lil |2000| ; iDai fc Chend l200ll : iRacusin et ail 
20091 . see last reference for a comprehensive list). These 
are mathematical expressions that relate the temporal in- 
dex to predominantly a micro-physical parameter, a phys- 
ical parameter and the positioning of two spectral fre- 
quencies relative to the observed band. Specifically these 
are the electro n energy index p, which i s typically be- 
tween 2 and 3 JPanaitescu fc Kumarl 120021 : IStarling et al.l 
l200Sl :lc urran et al.ll2010l ).' the density profile of the external 
medium (constant or wind-like) and the relative positions in 
the spectrum of the synchrotron frequencies, primarily the 
synchrotron cooling frequency v c and the synchrotron peak 
frequency Vm (see Table [4j. There is a third synchrotron fre- 
quency, the synchrotron self-absorption frequency, but this 
frequency does not influence the optical/UV or the X-rays 
during the timescales studied here. Recent observations of 
Swift GRB afterglows have shown that, in so me cases, the 
temp oral indices are shallower than expected (|Nousek et al.l 
l2006h . This led to the hypothesis that, at least for a certain 
tim e, the ejecta may b e injected with some additional energy 
(see IZhang et al1l2006l . for a discussion and for other possible 
interpretations). The temporal indices of these GRBs should 
then be satisfied by the energy injected temporal relations 
(see Table 2]). The amount of energy injection is measured 
by the luminosity index, q, which varies between and 1 
in the luminosity relation L(t) = Lo(t/to)~ q where t is the 
observers time, to is the characteristic timescale for the for- 
mation of a self-similar solution, which is roughly equal to 
the time at which the e xternal shock starts to decelerate 
l|Zhang fc M cszaros 2001). When q = 1 the injected tempo- 
ral relations reduce to the non-injected closure relations. 
The position of the synchrotron cooling frequency rel- 



ative to the synchrotron peak frequency dictates whether 
electrons are in a slow cooling (y m < u c ) or fast cooling 
regime (y c < v m ). The fast cooling closure relations provided 
in Table [4] are valid only in th e adiabatic regim e and are not 
valid for radiative evolution |Sari et al. 1998). For a single 
component jet it is expected that the optical/UV and X-ray 
emission are produced within the same region and therefore 
are explained by the same synchrotron spectrum, with the 
possibility that one or more of the synchrotron frequencies 
are between these two observing bands. This means that the 
optical/UV and X-ray temporal indices, determined from an 
afterglow, should be described by temporal relations which 
rely on the same assumptions about the external medium, 
the electron energy index, p, and the value of q. 

In order to assess the validity of this scenario, we shall 
consider the mean X-ray and optical/UV temporal indices 
and search for a common set of closure relations that are 
allowed in all the four temporal epochs and we shall use the 
hardness ratios and the RMS deviations to support and con- 
firm our findings. To determine if a scenario is acceptable, 
consistent values of p must be derived from the mean tem- 
poral indices of the optical/UV and X-ray light curves at 
the different epochs. As we are using the average properties 
of the sample, we note that the conclusion drawn is typical 
of the sample, but should not be taken as the conclusive ex- 
planation for individual GRBs, which should be investigated 
individually. 

4-1.1 Implications of the Mean GRB temporal properties 

Before 500s, the mean temporal indices of the X-ray and 
optical/UV afterglows are Qx,<soos = — l-47jlo'.32 ana - 
cto,<500s = — 0.51^016- The X-ray mean temporal index 
can be explained by several of the non-injected temporal 
relations in Table [4] and the optical/UV mean temporal in- 
dex can be explained either in a scenario with v < v c , a 
wind medium and fast cooling electrons (which would be 
contrived as the theoretical temporal index for this scenario 
is a single distinct value while in reality the optical/UV light 
curves, before 500s have a range in temporal index), or by 
several of the energy injected temporal relations. The lack 
of discrimination of the temporal expressions for the light 
curves before 500s is not unexpected as there is a wide range 
in temporal behaviour in both the optical/UV and the X- 
ray. The wide temporal behaviour is also observed in the 
RMS deviation histogram as a wide distribution during this 
epoch. 

Moving to the next epoch between 500s-2000s, the 
mean temporal indices of the X-ray and optical/UV light 
curves are ao, soos-2ooos = -0.98to.i4 and Qx,soos-2ooos = 
— 0.971q'4j. Both are consistent with the non-injected tem- 
poral relations for a slow cooling ISM-like medium with 
Vm < v < u c . This gives two values of p, p — 2.30tg J4 from 
the optical/UV and p = 2.291q4^ f rom the X-ray, which are 
consistent to within la. However, both the X-ray and op- 
tical/UV mean temporal indices could also be reproduced 
by the relations for both the ISM-like and wind-like media 
in the slow cooling case v > v c and in the fast cooling case 
v > Vm giving values p = l^tp'^ for the optical/UV and 
1.961q4^ f° r t ne X-ray, which again are consistent to within 
la. Furthermore, there is one more option: with slow cooling 
electrons in an ISM-like medium, the values of the tempo- 
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Temporal Relations 
Non-injected Energy Injected 


p = 
<? = 


2 

9 = 1 


P 

q = 


= 3 
9=1 


(9 = 1) 


(0 < q < 1) 


a 


a 


a 


a 


ISM slow cooling 
v < f m 1/2 
u m < v < u c 3(1 - p)/4 
v > u c (2 - 3p)/4 


(8 - 5<j)/6 

(6-2p)-(p+3)<j 

(4-2p)i(p+2) 9 
4 


1.33 
0.5 
0.00 


0.50 
-0.75 
-1.00 


1.33 
0.00 
-0.50 


0.50 
-1.50 
-1.75 


ISM fast cooling 
v < u c 1/6 
v c < v < i/ m -1/4 
1/ > fm (2 - 3p)/4 


(8 - 7 9 )/6 
(2 - 3q)/4 

(4-2p)-(p+2)g 
4 


1.33 
0.50 
0.00 


0.17 
-0.25 
-1.00 


1.33 
0.50 
-0.50 


0.17 
-0.25 
-1.75 


Wind slow cooling 
V < V m 
v m <v <v c (1 - 3p)/4 
!^ > u c (2 - 3p)/4 


(1 - ff)/3 

(2-2p)-(p+l)<j 

(4-2p)l(p+2) 9 
4 


0.33 
0.00 
U.UU 


0.00 
-1.25 

-l.UU 


0.33 
-1.00 
-U.DU 


0.00 
-2.00 

-1.(0 


Wind fast cooling 
u < u c -2/3 
u c < u < v m -1/4 
u > u m (2 - 3p)/4 


~(l + 9)/3 
(2 - 3q)/4 

(4-2p)-(p+2)q 
4 


-0.33 
0.50 
0.00 


-0.67 
-0.25 
-1.00 


-0.33 
0.50 
-0.50 


-0.67 
-0.25 
-1.75 


Jet slow cooling 
u < v m -1/3 
i^m < v < u c ~ — p 
u > u c ~ -p 






-0.33 
-2.00 
-2.00 




-0.33 
-3.00 
-3.00 



Table 4. This table provides the ranges in temporal index for the tempor al relations that are expected from synchrotron emission with 
and without energy injection l lZhane &: M cszaros 2004; Zhang ct al. 200tf). The electron energy index p dictates the range of values of 
the temporal index for each temporal relation. The electron energy index p and the luminosity index q dictate the range of values of the 
temporal index for each temporal relation. When q = 1 the energy inject e d tem poral relations reduce to those of the non-injected cases. 
The temporal relations for the jet case can be found in lPanaitescu et al] l|200rJl . 

mean. Looking at the temporal values in Tabled the only 
temporal relation for a wind-like medium that could explain 
wide ranges in both temporal indices and with the X-ray 
and optical/UV having different temporal indices would be 
for the slow cooling case with v m < vo < v c < vx- How- 
ever, this cannot explain these temporal indices even with 
energy injection, since in the wind-medium (if v c < vq,vx 
in the fast cooling case or v m < vq , vx in the slow cooling 
case) the X-ray is required to be shallower than the opti- 
cal/UV by 0.25, which is the opposite of what is observed. 
As there are only a small nu mber of GRBs wit h a break 
in the optical/UV light curve (|Oates et al]|2009l ). the tem- 
poral indices are consistent with an ISM-like medium with 
Vc being between the X-ray and optical/UV bands during 
the 500s-2000s and 2000s-20000s epochs. This implies that 
we have slow cooling electrons in an ISM-like medium with 
i/ m < vq < v c < vx from 500s to 20000s. The narrow- 
ness and the low values of the RMS deviation histogram for 
the 2000s-20000s epoch, agrees with a single synchrotron 
spectrum producing the X-ray and optical/UV emission for 
almost all GRBs during this epoch. 

For the final epoch > 20000s, the mean X-ray tempo- 
ral index is «x,>20000s = — 1.33lto'ii an d the mean opti- 
cal/UV temporal index is «o, >20000s = —0.84 ± 0.11. Again 
the mean values can only be produced by the non-injected 
temporal relations for the ISM slow cooling regime with 
I'm < vq < Vc < vx- Wind-like density cannot explain 
the temporal indices of this epoch either since, similar to 



ral indices allow the possibility that Vm < vo < v c < vx, 
which produces values of p = 2.291q'4j f° r ^ ne X-ray and 
p = 1.971Q J4 from the optical/UV, which are consistent to 
within la. The temporal indices can also be explained by the 
energy injected relations, in these cases the values of p may 
change depending upon the energy injection parameter q. 
If energy injection is considered then the temporal relations 
for a wind-like medium are also acceptable for slow cooling 
with either v m < vo < vx < v c or v m < vo < v c < vx 
and for fast cooling with < v c < v m < vo < vx- The nar- 
rower RMS distribution histogram compared to the previous 
epoch, indicates that the optical/UV and X-ray light curves 
for a large fraction of GRBs behave in a similar way, consis- 
tent with the expectations of a single synchrotron spectrum 
producing both light curves. 

During the epoch 2000s-20000s, the mean X-ray tem- 
poral index is ax,2000s-20000s = — l-15to;i2 an< ^ ^ rie mean 
optical/UV temporal index is Qo,2000s-20000s = — 0.88io'os- 
The difference in a between the optical/UV and X-ray in- 
dices, Aa = O^Iq'^q, implies that the optical/UV and X- 
ray do not lie on the same spectral segment. This difference 
is consistent with a cooling break (Aa = 0.25) lying in be- 
tween the X-ray and optical/UV bands. The only non-energy 
injected temporal relations that can produce both mean val- 
ues are the ISM slow cooling temporal relations for the case 
Vm < vo < v c < vx- These relations give consistent values of 
p: p = 2.17~JIq"o8 determined using the optical/UV temporal 
mean andp = 2.20±H2 

determined with the X-ray temporal 
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the previous epoch, the optical/UV and X-ray temporal in- 
dices have wide ranges, but the optical/UV is shallower than 
the X-ray, which cannot be explained by the temporal re- 
lations for a wind-like medium, even including energy in- 
jection. The values of p determined from the non-injected 
temporal relations for the ISM slow cooling regime with 
Vm < vo < v c < vx are p — 2.12 ± 0.11 for the optical/UV 
and p = 2.44^q'^ for the X-ray. These values are marginally 
consistent with each other at 2a. The p value determined 
from the optical/UV is consistent with p value determined 
from the optical/UV in the previous epoch. The p value de- 
termined from the X-ray is marginally consistent at 2a with 
the p value derived from the mean X-ray temporal index 
from the same regime in the previous epochs. The large er- 
rors on the RMS deviations determined for the > 20000s 
epoch means that little can be implied from this > 20000s 
RMS deviation distribution. 

The narrowness and the small valued RMS deviation 
distribution in the 500s-2000s and 2000s-20000s epochs sup- 
port the hypothesis of a single synchrotron emission spec- 
trum from a single component emission region. The gen- 
eral consistency of the mean temporal indices with the non- 
injected temporal relations, producing consistent and real- 
istic p values, suggests that at least from 500s, the sample 
on average is consistent with slow cooling electrons in a con- 
stant density medium with z^ m < vo < Vc < vx- The mean 
temporal indices of the last 3 epochs are consistent with a 
single component outflow, without the need for energy injec- 
tion, although we cannot exclude the requirement of energy 
injection, which would complicate this simplistic picture and 
would increase the value of p. However, it is unlikely that 
this simple picture can explain all GRBs and we need to de- 
termine how this picture changes on a GRB to GRB basis. 
Therefore, we shall compare this picture with the individual 
temporal indices at each epoch. 

4-1.2 Implications of the Individual GRB Properties 

In Figure [3] in each panel the green dashed line represents 
the difference between the optical/UV and X-ray temporal 
indices Aa = 0.25, expected when v c lies between these 
bands, and the blue dotted line represents the maximum 
difference Aa = 0.5, expected when i/ c lies between these 
bands and the afterglow is energy-injected. Furthermore, 
ax + 0.25 ^ ao ^ ax + 0.50 is expected for a constant 
density medium, while ax — 0.50 ^ ao ^ ax — 0.25 is ex- 
pected for a wind-like medium. 

For the epoch < 500s, shown in panel (a) of Fig. [3] it 
is clear that the mean temporal indices are not represen- 
tative of the full behaviour of the optical/UV and X-ray 
light curves. It is also clear from the rapid variability in the 
hardness ratios of individual GRBs and from the changes 
in RMS deviations during this epoch that a simple outflow 
ploughing into a constant density medium is too simplis- 
tic. This is also shown in Fig. [3] by the lack of consistency 
with ax ^ ao ^ ax + 0.50. Instead, this figure shows a 
wide range in behaviour that physically can be divided into 
several groups. 

• Five GRBs are consistent with ao = ax — 0.25, sug- 
gesting that these GRBs lie in a wind medium with a cooling 
break between the X-ray and optical/UV bands. The tem- 



poral range of these GRBs is —1.54 < ax,<500s < —0.14 
and —1.67 < ao,<500s < —0.50. As the shallowest temporal 
index produced by a wind medium with vo < v c < fx is 
ax = ao + 0.25 = —1.00, this implies that for at least a 
couple of these GRBs energy injection is required. 

• Four GRBs have < ax,<500s- A visual inspection of 
these GRBs during this period, reveals that three of these 
GRBs have flares in the X-ray emission that are not ob- 
served in the optical/UV, i mply ing late time central en- 
gine activity (|Falcone et al J 120071 ). Furthermore, the three 
GRBs with X-ray flares all have optical/UV temporal in- 
dices —0.80 < ao,<500s < 0.00, which are too shallow 
to be explained by the non-energy injected temporal rela- 
tions, therefore, implying energy injection. This scenario was 
also found to be the case for the short-hard GRB 060313 
l|Roming et al. Il2006h . 

• Six GRBs sit within —9 < ax < —2, with five sat be- 
tween -4.50 < a x < -2. The sixth GRB, GRB 050319 
has large errors on both the X-ray and optical/UV tem- 
poral indices as only two data points fall in the < 500s 
epoch. Steep decays, such as observed for the 5 other GRBs 
( —4.50 < ax < —2), are expected from the tail of the 
prompt emission (|Zhang et alj I2006T ). suggesting that the 
X-ray emission of these 5 GRBs is dominated by prompt 
emission. These GRBs also have RMS deviations that are 
inconsistent with being zero and hardness ratios that vary 
rapidly during this epoch, which suggests another jet compo- 
nent or another emission component and so lends support to 
prompt emission contaminating the X-ray emission. These 
GRBs are the only GRBs in the sample with X-ray light 
curves that appear to decay with three of the four segments 
of the canonical X-ray light curves: an initial steep decay fol- 
lowed by the shallow decay and followed finally by a normal 
decay. For these GRBs, it appears that as the X-ray tem- 
poral index tends to more negative values, the optical/UV 
temporal index tends to more positive values. However, with 
only 5 GRBs, we can not determine if the X-ray and op- 
tical/UV temporal indices of these GRBs are statistically 
correlated. A larger sample will be required to investigate if 
a correlation exists. 

• Five GRBs lie between —2 < ax,<mos < 0, but have 
ao,<500s > 0. These GRBs are rising in the optical/UV 
during this early epoch. This behaviour can also be ob- 
served by the varying hardness ratios and the inconsistency 
of the RMS deviations with zero for three of these GRBs. 
For the other two GRBs the rising behaviour is not observed 
as clearly as the other GRBs and this is reflected i n thei r 
hardness ratios and RMS deviations. In lOates et all l|2009h , 
the rising behaviour was best explained as to be due to the 
start of the forward shock. This should be an achromatic 
effect and therefore should also be observed in the X-ray 
light curves. Instead what we see is —2 < ajf,<500s < 0, 
which is usually expected for a light curve after the start 
of the forward shock. However, from this analysis it is not 
possible to determine if the rise is masked du e to a contri- 
butio n from the tail of the prompt emission (|Zhang et al.l 
2006) or whether more complex jet geometry is required for 
these GRBs. 

The epoch 500s-2000s is shown in panel (b) of Fig. [3] 
During this epoch the GRBs show a slightly higher degree of 
clustering compared with the previous epoch. The hardness 
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ratios of most GRBs transition from highly variable to rel- 
atively constant during this epoch, with the constant phase 
indicating that the X-ray and optical/UV light curves are 
produced by a similar mechanism. In panel (b) of Fig. O 5 
GRBs are inconsistent with all 5 lines. The rest of the GRBs 
are consistent with at least one of the 5 lines, implying that 
some GRBs require energy injection. The GRBs are spread 
evenly above and below the line of equal temporal index, in- 
dicating that there is no preference for the type of external 
medium during this epoch, but a single component outflow 
can explain most of the GRBs during this time period. For 
this epoch, the hardness ratios for most GRBs vary more 
slowly than for the previous epoch and the ratio behaviour 
in this epoch often continues in to the 2000s-20000s epoch. 
This implies that the period between 500s and 2000s is a 
transition period where the GRB ceases to have multiple 
emission mechanisms and emission regions and stabilizes to 
the late time behaviour. 

For the epoch 2000s-20000s shown in panel (c), we find 
that all but three GRBs are consistent with < Aa ^ 0.50, 
with the majority consistent with ax + 0.25 ^ ao ^ ax + 
0.50. The consistency of most of the GRBs with ax +0.25 ^ 
ao ^ ax + 0.50 implies that they are satisfied by a constant 
density medium with a cooling break between the X-ray and 
optical/UV bands. This is also consistent with what was 
determined using the mean values, but the consistency with 
0.25 < Aa ^ 0.50 implies that energy injection is required 
for these afterglows, although q does not appear to have one 
specific value. The RMS deviations and the hardness ratios 
indicate that a single synchrotron spectrum could produce 
the optical/UV and X-ray light curves because the X-ray 
and optical/UV light curves behave in a similar way. Four 
GRBs, are inconsistent with lying below the line of equal 
temporal index, suggesting that these GRBs lie in a wind 
medium. 

For the final epoch, > 20000s, shown in panel (d), the 
X-ray temporal indices are typically steeper than observed 
for the 2000s-20000s epoch, whereas the range of the op- 
tical/UV temporal index has remained the same, implying 
that for at least some GRBs there is a break in the X-ray 
light curve. Breaks in the X-ray light curves are also seen 
through the tendency of the hardness ratio to slowly de- 
crease. The GRBs in the > 20000s epoch are mostly con- 
sistent with ax + 0.25 ^ ao ^ ax + 0.50, implying u c is 
between the optical/UV and X-ray bands, the density is 
constant and that energy injection is still required for some 
GRBs, although possibly fewer than the previous epoch. 
The decreasing hardness ratios indicates a significant dif- 
ference in the behaviour of the X-ray and optical/UV light 
curves between the 2000s-20000s epoch and the > 20000s 
epoch, which could be due to the optical/UV and X-ray 
lying on separate spectral segments. Since in the 2000s- 
20000s epoch, the GRBs appear to have an arrangement 
such that i/ m < uo < u c < ux, it is difficult to produce a 
decreasing hardness ratio by movement of u c , which would 
move towards either^ x or u D . This would lead to the X-ray 
and optical/UV light curves lying on the same spectral seg- 
ment, which would mean they would have the same tem- 
poral index and which would lead to a constant hardness 
ratio rather than a softening one. Some GRBs in the 2000s- 
20000s epoch are consistent with the line of equal tempo- 
ral index, suggesting that either v m < uq < ux < u c or 



v m < u c < vq < ux, the movement of u c between the op- 
tical/UV and X-ray would therefore cause a softening or a 
hardening of the hardness ratio, respectively. For those cases 
where u m < uo < v c < ux the decrease in the hardness ratio 
may be due to differences in the jet geometry producing the 
X-ray and optical/UV component or some form of energy 
injection may be affecting the relative spectrum. Certainly 
the movement of u c can be excluded since the hardness ra- 
tio does not converge to become a constant. Finally, in the 
> 20000s epoch one GRB, GRB 050730, shows evidence of 
a jet break, with both the X-ray and optical/UV temporal 
indices consistent with the post jet-break temporal relation 
in Table HI For GRB 050730, the uncertainties on the opti- 
cal/UV emission are very large, but the hardness ratio de- 
creases slowly, implying that the break may be chromatic, 
i.e occurring only in the X-ray light curve and not the opti- 
cal/UV light curve. 

After 500s there appears to be a cooling break be- 
tween the optical/UV and X-ray bands for most GRBs and 
a constant density medium is favoured, up to 80% — 90% 
of the GRBs in panels (c) and (d) of Fig. are consis- 
tent with a constant density medium. The favouritism of 
the X-ray and optical/UV light c urves toward s a co nstant 
density medium is also shown by Rv koff et al.l {2009) , who 
compare ave rage decay ra t es of the X-ray and optical/UV 
light c urves. ICurran et all {20091 ) and lPanaitescu fc Kumar 
(2002), from samples of 6 (of a total of 10, see lCurran et al. 
I2009I . for further details) and 10 well studied GRBs respec- 
tively, show that approximately half the GRBs are consis- 
tent with constant density medium, which is slightly lower 
fraction of GRBs than suggested by this work, at least 
after 2000s. The h igher fraction found in this work and 
iRvkoff et all (|2009l ) may be due to the systematic fitting 
approach that both works have taken. As for the relative lo- 
cation of the synchrotron cooling frequ ency with respect to 
the optical/UV and X-ray bands, both lCurran et al l (2009) 
and iMelandri et all (2008) independently show that a large 
fraction of GRBs require a spectral break between the op- 
tical/UV and X-ray bands, which is typ ically expected to 
be uo < u c < vx- ICurran et al.l {20091 ) show that out of 
10 GRBs, SEDs of eight could be well constrained and 6 of 
these required a spectral break between the X-ray and op- 
tical/UV ba nds, which could be c onsidered to be a cooling 
break. As for lMelandri et al (2008), they find that 10 GRBs, 
from their sample of 24, cannot easily be explained by the 
standard forward shock model. Of the remaining 14 GRBs, 
7 appear to have uo < u c < ux ■ The fraction of GRBs w ith 
uo < u c < ux, particularly from Melandri et all {20081) . is 
lower than found in this paper, but this paper only consid- 
ers a difference of 0.25 ^ Aa ^ 0.50 to be due to a cooling 
frequency and other factors such as multi-component jets 
may contaminate our results. Detailed analysis on a GRB 
by GRB basis must be used to confirm this result. 

While the mean temporal indices form a convincing pic- 
ture from 500s, an investigation of the individual temporal 
indices in each epoch introduces new aspects to this picture, 
for instance additional energy injection. The requirement of 
energy injection for some GRBs is also observed through 
comparison of th e spectral and tem poral indices of the X- 
ray light curves (|Evans e t al. 2009). To complete this pic- 
ture, we must also look at how the individual GRB light 
curves change in behaviour between the epochs. As obser- 
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vations later than 2000s are expected to probe the emission 
produced by the jet after it has begun to plough into the ex- 
ternal medium, which surrounds the progenitor, this emis- 
sion is less likely to be contaminated by emission from the 
internal shocks. Therefore, we shall examine the change in 
behaviour between the 2000s-20000s and > 20000s epochs. 

4-1.3 Implications of the Change in the Temporal Indices 
Between the 2000s-20000s and > 20000s epochs 

In Section 13.31 we found evidence for chromatic breaks in 
the afterglows of 7 GRBs. For all these GRBs, the breaks 
occur in the X-ray light curves. Support for this chromatic 
behaviour can be observed in the hardness ratios as a soften- 
ing, which occurs when the X-ray breaks to a steeper decay, 
while the optical/UV light curve continues to decay at the 
same rate. The change in the X-ray temporal index and the 
evolution of the hardness ratios provides strong support for 
chromatic breaks. However, we do caution that a break in 
the optical/UV light curve at late times cannot be excluded 
without detailed investigation of the afterglows. For each of 
the 7 GRBs, we fit a power-law and a broken power-law to 
the X-ray light curve from 1000s and onwards. If the broken 
power-law was the best fit we continued to test if a break 
in the optical/UV light curve could be consistent with the 
X-ray break. To do this we fit a broken power-law to the opti- 
cal/UV light curve from 1000s onwards, fixing the difference 
in the temporal index of the two decay segments to be the 
same as found for the X-ray broken power-law fit. We then 
determined the earliest time at which the optical/UV light 
curve could break and whether this time is consistent with 
the break in the X-ray light curve. We shifted the break time 
of the fit to the optical light curve so that the \ 2 changed 
by A\ 2 = 9 (i.e 3<r). If the resulting break time is consistent 
with the X-ray break time, then the we cannot be certain 
that the X-ray break is chromatic. Out of the 7 GRBs, 5 
are best fit by a broken power-law in the X-ray. The 2 other 
GRBs, GRB 060804 and GRB 060908, could not be fit by 
a broken power-law due to the break occurring before or 
to close to 1000s. Of the 5 GRBs with X-ray light curves 
best fit by a broken power-law, we are able to convincingly 
demonstrate that 3 GRBs (GRB 050319, GRB 051109a and 
GRB 060206) have a chromatic break, with the 3u upper 
limit to an optical break time much later than the X-ray 
break time. 

Achromatic breaks may not truly b e achromatic and 
hence may appear as chromatic breaks. Ivan Eerten et all 
<|20ld ) have shown through simulations that jet breaks, or 
any variability due to changes in the fluid conditions, may 
be chromatic, typically occurring later in radio bands than 
in the X-ray or optical. They claim that for certain physical 
parameters X-ray and optical jet breaks (or variability) may 
occur at different times, although the difference is not well 
pronounced between these two bands. Simulations have also 
shown that jet breaks may also not be so sharp for lower fre- 
quencies comp ared to higher frequencies due to limb bright - 
ening effects ijGranot et alJ Il999l : Ivan Eerten et al.l 12010). 
This is expected to be most pronounced for X-ray/optical 
versus radio, with the radio emission having the smoothest 
break. However, the difference in smoothness between the 
X-ray and optical/UV is expected to be less pronounced es- 
pecially if they lie on the same spectral segments, but there 



may be some difference if v c lies between the two bands. 
Some achromatic breaks may be confused with chromatic 
breaks due to these effects, however, these effects are likely 
to cause only minor differences in the break times of the 
optical/UV and X-ray light curves. 

iRacusin et alJ dBol l have shown that there is no X-ray 
spectral evolution after 2000s, therefore breaks which are 
only observed in the X-ray light curve must be due to one 
of fou r possibilities: variation s in the micro-physical param- 
eters (|Panaitescu et akl [2006) - which is rather contrived; 
changes in the external medium - such as w as suggested as 
an al ternative explanation for GRB 080319B ijRacusin et alJ 
2008); cessation of energy injection; a jet break. The change 
in the external medium specifically from a constant density 
to a wind-like medium or vise versa would be shown on Fig. 
\E\ by the GRBs crossing the line of equal temporal index. 
A position above the line implies an ISM-like medium and 
a position below the line implies a wind-like medium. None 
of the GRBs with chromatic breaks have temporal indices 
that cross the line of equal temporal index, implying that 
at least at a simplistic level, the change in density of the 
external medium, from wind-like to constant density or vise 
versa, can not explain the chromatic break. However, this 
paper has not investigated the relations where 1 < p < 2 
nor has it investigated complex variations in the external 
density. If we simply apply the closure relations for a con- 
stant density medium with v m < vo < u c < vx to the X-ray 
and optical/UV temporal indices from the 2000s-20000s and 

> 20000s epochs for these 7 GRBs then we find for the X- 
rays p is consistent within la errors with ^ 2 for 5 GRBs 
in the 2000s-20000s epoch and > 2 for all 7 GRBs in the 

> 20000s epoch. For the optical only 3 GRBs are consis- 
tent within la errors with p ^ 2 in the 2000s-20000s epoch 
and 3 are consistent in the > 20000s epoch. While this may 
indicate the 1 < p < 2 closure relations should be exam- 
ined, the values of p will increase to p > 2 if values of q, 
the energy injection parameter, are reduced from 1. Since 
the 1 < p < 2 closure relations and changing external me- 
dia are more complex options they can not be ruled out by 
this work, but shall not be investigated further here. The 
last two possibilities, cessation of energy injection and a jet 
break, would produce achromatic breaks in a single compo- 
nent outflow. In these cases, changes in temporal index of 
the optical/UV light curves are expected, but these changes 
are not seen. Therefore, the chromatic breaks observed in the 
X-ray light curves are difficult to explain in terms of a sin- 
gle component outflow. Chromatic breaks in several GRBs, 
which were observed in the X-ray and not the optical/UV 
(includin g GRB 050319 and GRB 050802) have been investi- 
gated bv lOates et~ai1 (|2007f l and lDe Pasauale et all (|20Qgh . 
who also found that a single component outflow could not 
explain the observations. 

For two GRBs, the temporal indices determined from 
the epochs 2000s-20000s and > 20000s lie on different sides 
of the line of equal temporal index, suggesting a change in 
external density. GRB 061021, crosses from above to below 
the line of equal temporal index, which implies a transi- 
tion between constant density medium to wind-like medium. 
Conversely, GRB 070318 crosses from below to above the 
line of equal temporal index, which implies a transition be- 
tween a wind-like medium to a constant density medium. 
The change in external density essentially changes the fre- 
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quency of v c (see lZhang fc Meszarosll2004l . for equations de- 
scribing v c in wind-like and constant density media). For 
GRB 061021, the X-ray and optical/UV temporal indices, 
determined from the epochs 2000s-20000s and > 20000s, 
both change by ^ 3a and are not consistent with each other. 
These temporal indices cannot be explained by the non- 
energy injected temporal relations in Table [4] with a change 
in density from constant to wind-like. GRB 070318 is also 
inconsistent with a change in external medium this time 
from wind-like to constant density because the change from 
wind-like non-energy-injected temporal relations to constant 
density non-energy-injected temporal relations does not al- 
low the X-ray light curves to become steeper while the op- 
tical/UV light curves become shallower. Therefore, it is dif- 
ficult to explain why for two GRBs the temporal indices, 
determined from the epochs 2000s-20000s and > 20000s, lie 
on different sides of the line of equal temporal index. How- 
ever, the investigation of external density variations may be 
too simplistic because the external density may have a dif- 
ferent density profile and may be highly variable. Temporal 
relations for 1 < p < 2 have also not been examined. For 
1 < p < 2, the temporal indices describing the frequency 
v c < v are different for the constant density and wind-like 
media. This implies that the X-ray and optical/UV tempo- 
ral indices would always be expected to change, unlike for 
the p > 2 case. The 1 < p < 2 case may be able to explain 
the behaviour of some of the other GRBs in the sample, 
especially those that appear to have density changes. 

Ultimately, it is difficult to reconcile the optical/UV and 
X-ray observations of some GRBs in terms of a single com- 
ponent jet. We shall now look at more complex geometric 
models to determine if these can explain the observations. 

4.2 Additional Emission Components 

Additional emission components come in two main flavours 
either the jet consists of two (or more) components or there 
is some form of additional energ y injection, such as up- 
scattered forward shock emission (i Panaitcscu 20081) or late 
'prompt' emission (|Ghisellini et al. 2007, 20091). 

In a two component jet, there are two theoretical 
ways in which the optical/UV and X-ray emission can 
be produced. Either the narrow component, with the 
higher Lorentz factor, produces the X-ray emission and the 
slower-wider component produces the optic al/UV emission 
(|Oates et al.ll2007l ; IPePasauale et alj|2009h . or, the narrow 
and wide components produce both X-ray and optical/UV 
emiss ion l|Huang et al.ll2004l ; Ipeng et aljfeoOSl ; iGranot et all 
l2005h . The simplest scenario is that both com ponents pro- 
duce X -ray and optical/UV emission. However. lOates et al.l 
(2009) ruled out the possibility because the viewer would 
observe two peaks from the two different emission compo- 
nents. This effect is not seen in the UVOT light curves and 
therefore, the jet is unlikely to have two components where 
both produce optical/UV emission. 

The second two component jet scenario is that the op- 
tical/UV emission is produced by the wide component and 
the X-ray emission is produced by the narrow component. 
A discussion of how the wide component can produce emis- 
sion predominantly in the optical/UV without contaminat- 
ing the X-ray and how the narrow component can produce 
emission predominantly in the X-ray without contaminat- 



ing the optical/UV is provided in lDe Pasquale et al.l ([2009). 
In this scenario, the X-ray and optical/UV light curves are 
not required to be produced by the same synchrotron spec- 
trum. However, the X-ray and optical/UV afterglows should 
be satisfied by the temporal relations for the same external 
medium, either wind-like or ISM-like. 

In the up-scattered emission model, the up-scattered 
emission is thought to be due to photons in the forward 
shock, which travel away from the forward shock towards the 
outflow. These photons are scattered by i nteractions with e i- 
ther hot or cold electrons in the outflow (|Panaitescul l2008'). 
If the interactions are with hot electrons then the scattering 
will be Inverse-Compton and seed photons of low energy, will 
be boosted in to the X-rays. If the interactions are with cold 
electrons then the photons will not gain energy, so a large 
number of seed photons will be required to be scattered to 
produce sufficient flux to be brighter than the flux of the 
forward shock. A second effect may cause the up-scattered 
emission to be brighter than the forward shock. If the pho- 
tons produced at the same time as those in the forward shock 
are up-scattered and received by the observer at a later time 
after the afterglow has begun to decay, then the scattered 
flux arriving later ma y be brighter than the forward shock- 
flux at that time; see IPanaitescul (2008) for further details. 
Overall the X-ray and optical light curves may be a combi- 
nation of various degrees of flux contributed from both the 
forward shock and scattering, which enables this model to 
reproduce flares, plateaus and chromatic breaks. In the case 
of chromatic breaks it would require the scattered emission 
to cease contributing to the X-ray light curve at the break 
time, which may be difficult to explain. This model has many 
possibilities for the effect of scattered emission. The scat- 
tered emission may either not contribute strongly to both 
the X-ray or optical afterglow, it may contribute strongly 
to just the X-ray emission, or it may contribute strongly 
to both the X-ray and optical emission. An indication that 
the scattered emission is dominant over the forward shock 
emission will be a plateau in the obeserved light curves. 

In the late 'prompt' emission scenario, the central en- 
gine is assumed to be active for a period longer than the du- 
ration of the prompt emission. The central engine steadily 
produces shells of material at lower and lower Lorentz fac- 
tors, which by internal dissipation produce continuous and 
smooth emission predom inantly in the X - rays, but po ssibly 
also in the optical/UV (|Ghisellini et al.l |200l 120091 ). The 
addition of the late 'prompt' emission to the afterglow emis- 
sion allows a wide range of temporal indices and allows the 
model to reproduce a wide range of X-ray and optical/UV 
temporal behaviour including chromatic breaks. 

As the late 'prompt' emission and the up-scattered 
emission models predicts light curves that are a combination 
of two different emission components, with varying degrees 
of contribution from the two components, it is not possi- 
ble analytically to determine if these model are acceptable. 
However, this wide range in behaviour implies that these sce- 
narios are temporally indistinguishable from the two compo- 
nent outflow model. Therefore, in the following we shall talk 
primarily of whether the two component model can explain 
our observations. 

When investigating the single component outflow, we 
found that the synchrotron cooling frequency typically lies 
in between the X-ray and optical/UV bands, that energy 
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injection may be required for some GRBs, and that there 
is conclusive evidence for a chromatic break in 3 GRBs and 
evidence for chromatic breaks occurring in 4 further GRBs. 
These breaks occur in the X-ray and cannot easily be ex- 
plained by a single component outflow. They cannot be ex- 
plained by a direct change in the external density (although 
complex variation cannot be ruled out), nor by the passage 
of v c through the X-ray band because X-ray spectral evolu- 
tion i s not observed during the late afterglow l|Racusin et al.l 
2009). Therefore, as discussed in Section 4.1.3, we consider 
this break to be due to either the cessation of energy injec- 
tion or a jet break. In a two component outflow, we would 
expect energy to be injected into both components. How- 
ever, it is difficult to picture the break in the X-rays being 
caused by the cessation of energy injection in the narrow 
component only, although from this analysis it can not be 
ruled out completely. Therefore, we take the jet break in the 
narrow compone nt to be the cause of th e change in X-ray 
temporal index l|De Pasquale et "all 120091 ') . However, if this 
is the case then the X-ray temporal indices after > 20000s 
are shallower than expected for the uninjected decay post 
jet-break temporal relations (Table [4]). The 4th segment of 
the X-ray light curve, which is considered to be the true post 
jet-b reak phase is also shallower than expected l|Evans et al.l 
2009). The inclusion of energy injection will cause the tem- 
poral decay index before and after the jet break to be less 
steep. This would be a natural conclusion because energy 
injection has already been shown to be needed to explain 
the afterglow behaviour of some GRBs. The post jet-break 
temporal indices from the values predicted in Table U will 
be reduce d by the quantities dete rmined from Eqs. 33, 34 
and 35 of iPanaitescu et al.l ((2006) . For the simplest jet, a 
jet with sharp edges, which spreads laterally, the temporal 
index of the post-jet break decay is reduced from a ~ — p 
by Aa = |(1 - q)(l - 0) for u c < vx. Taking (3 = -p/2, 
then the range in Aa is 1.33, 1.66 for q = and p = 2,3, to 
Aa = 0.0, 1.0 for q = 1 and p = 2, 3. For p = 2 - 3 this pro- 
duces a range —0.66 < a < —3 for the post-jet break decay. 
This relation alone can explain the X-ray temporal indices of 
all GRBs for the > 20000s epoch in Table[U The jet may also 
not show any sideways expansion, in this case the jet is re- 
duced from a^3/2^J^_byAa = 1/2(1 -g) (1-0)+ 
for v c < wx. (|Panaitescu et ai1l2006l ) . Again taking /3 = —p/2 
and s = indicating a constant denstiy medium, then the 
range in Aa is 1.25, 1.50 for q — and p = 2, 3 to Aa = 0.25 
for q = 1 and p = 2,3. For p = 2 — 3 this produces a range 
< a < —1.75 for the post-jet break decay. This is accept- 
able for the optical/UV and X-ray temporal indices for the 
GRBs in the > 20000s epoch. If the post jet break decay 
is energy injected, then we would expect the 2000s-20000s 
decay to also be energy injected. In this case, the range 
of temporal indices expected for the 2000s-20000s epoch is 
given by the energy injected temporal relations in Table 2]to 
be —1.90 < a < 0.5, which is consistent with the temporal 
indices determined in this period given in Table [T] 

This appears to be a plausible explanation for the op- 
tical/UV and X-ray temporal behaviour of the GRBs with 
chromatic breaks. The wide range of possible temporal in- 
dices allowed by the fact the X-ray and optical/UV emission 
are decoupled, implies that the two component model could 
be used to explain a larger number of GRBs, if not all GRBs. 
However, a comprehensive investigation of the spectral and 



temporal properties of GRBs is required to determine if one 
of the additional emission mechanisms is able to reproduce 
all GRB observations. 



5 CONCLUSIONS 

In this paper we systematically analyzed a sample of 26 
UVOT and XRT observed GRB light curves. We found that 
the behaviour of the optical/UV and X-ray light curves is 
most different during the early afterglow before 500s, and 
that the light curves behave most similarly during the mid- 
dle phase of the afterglow between 2000s and 20000s. 

The mean temporal indices of the optical/UV and X- 
ray light curves determined from three epochs after 500s, 
imply that the average X-ray and optical/UV afterglow is 
produced by slow cooling electrons, in a constant density 
medium with the synchrotron cooling frequency set between 
the optical/UV and X-ray bands. However, when we look 
at the individual GRBs, the picture is not so simple. While 
these properties generally well describe the outflow of the in- 
dividual GRBs from 500s and onwards, this picture requires 
energy injection to explain the temporal indices of some of 
the GRB outflows. The need for energy injection is shown 
by the difference in the optical/UV and X-ray temporal in- 
dices, which require a difference of 0.25 ^ Aa ^ 0.50, where 
a difference of 0.25 would be expected for non-injected af- 
terglows and 0.50 is the maximum difference expected when 
energy injection is included. 

We demonstrated that a chromatic break occurs in the 
afterglows of three GRBs (GRB 050319, GRB 051109a and 
GRB 060206), while for a further 4 GRB afterglows we have 
strong indications of chromatic breaks. These breaks are ob- 
served in the X-ray light curves as a steepening of the X-ray 
temporal index between 2000s and 10 s and a softening of 
their hardness ratios . The lack of X-ray spectral evolution 
|Racusin et al.l [20091 ) implies these breaks are likely to be 
caused either by changes in the external density, a jet break 
or is due to the cessation of energy injection. We determined 
that the density evolution on a simplistic scale is not the 
cause of chromatic breaks, but at this stage we can not rule 
out complex density evolution. Both the jet break and cessa- 
tion of energy injection would produce an achromatic break 
if the jet is a single component uniform jet. We have shown 
that chromatic breaks can either be produced if the X-ray 
and optical/UV emission are decoupled and produced in a 
jet with structure, for instance in a two component jet where 
the narrow component produces the X-ray emission and the 
wide component produces the optical/UV emission, or it 
may be produced in the late 'prompt' emission model or the 
up-scattered emission model. 
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